ABSTRACT: Knowledge of the hydraulic properties of the soil is of crucial importance to an understanding of the interactions between vegetation, soil and water. There is little information available about the hydraulic properties of Podzol soils found in tropical regions. The aim of this study was to present the soil morphology and hydraulic properties of a toposequence situated in a permanent plot at the Ilha do Cardoso State Park (Cananéia, SP, Brazil). Ultradetailed soil maps were used to define a toposequence inside the permanent plot. Five profiles, representing the main types of soil, were opened along the toposequence, in which Podzols are dominant.
Introduction
The high number of biotic and abiotic factors affecting the development of native vegetation results in environmental systems that are very complex. Soil hydraulic properties (SHP) have been recognized as important abiotic factors in the attempt to better understand the heterogeneity of these systems (Budke et al., 2007; Cooper et al., 2013) . A knowledge of SHP is essential to understanding water flow and solute transport in both saturated and unsaturated soils. These properties can also be used to define soil management practices and can assist in the restoration of natural areas.
The Ilha do Cardoso State Park (IC) is an important area for conservation, housing different coastal ecosystems such as mangroves, dunes, the Restinga and the Atlantic forest (Ribeiro et al., 2009 ). In the Restinga, Podzols are dominant and most studies in tropical regions focus on their genesis and classification (Gomes et al., 2007; Buurman et al., 2013) . Tropical Podzols are mainly hydromorphic sandy soils, strongly acidic, and frequently deep, with low nutrient status. These poorly drained Podzols typically present below an E (albic) horizon a flat and thick B horizon (Bh, Bhm) enriched in organic matter (OM), with or without aluminum oxides, that have been laterally transported by water as dissolved OM, and accumulated where they have come to rest by several mechanisms (Buurman and Jongmans, 2005) . When compared to other tropical forests, the Restinga presents shorter stature, lower species diversity and shallow roots (Miyamoto et al., 2003; Lima et al., 2011) . These features are frequently associated with the limiting soil characteristics observed in this environment (Lima et al., 2011; Bonilha et al., 2012) .
The necessity to expand the knowledge of soils under native vegetation and their relationship has been recognized as a research priority by several researchers (Lima et al., 2011; Cooper et al., 2012; Santos-Filho et al., 2013) . The close relationship between soil attributes and forest composition has long been reported in the literature (Sollins, 1998) , and SHP have been considered an important factor to be considered in studies involving soil-plant relationships (Ruggiero et al., 2002; Quesada et al., 2004; Oliveira et al., 2005) .
The aim of this study was to present the soil morphology and SHP of a toposequence situated in a permanent research plot at the IC (Cananéia, SP, Brazil). The characterization of the SHP in natural environments will prove useful to an understanding of the relationship between the soil and native vegetation.
Materials and Methods

Study area
The study was conducted at Ilha do Cardoso State Park (48°05'42" W, 25°03'05" S and 48°53'48" W, 25°18'18" S), which has an area of approximately 13,500 ha, located in the municipality of Cananéia, in the state of São Paulo. The altitude ranged from 0 to 950 m. The climate is characterized as megathermal super humid without a dry season and excessive rain in summer (Af), according to the Köppen climate classification (Alvares et al., 2013) . The annual rainfall is 2,216 mm and the mean annual temperature 22.3 °C.
Ilha do Cardoso State Park is on the coastal plain of São Paulo, which was formed by sandy sediments of the Santos Formation (Suguio and Martin, 1976) derived from holocenic marine transgressions (Gomes et , 2007) . The marine terrace where the study area is located was formed by the reworking of old and successive sandy beach ridges whose remnants today form the highest parts of the landscape. There is, therefore, a recent geomorphological heritage that directly influences the local hydrology. In the contact zone with the sea, sandy deposits are found brought in by recent changes in sea level and tidal activity thus forming a topochronosequence in a north-south direction.
The representative permanent plot of 10.24 ha, located in the Restinga forest was divided into 256 sub-plots of 20 × 20 m, based on planialtimetric surveys. Detailed soil maps were used to define a toposequence (N-S direction) that represents the main soil types found in the permanent plot (Gomes et al., 2007) (Figure 1 ). Five profiles were opened, in which the morphological description was completed according to Lemos and Santos (2013) and the soils classified according to the International Classification System (WRB, 2014). The morphological description and vertical and lateral distribution of the soil horizons in the toposequence were generated according to the structural analysis technique proposed by Boulet et al. (1982) .
Soil attributes
Disturbed and undisturbed soil samples were collected from all horizons of each soil profile along the toposequence. Undisturbed 100 cm 3 soil cores were used to determine soil bulk density (ρ b ) (Blake and Hartge, 1986) , porosity and water retention curves (SWRC).
The disturbed samples were used to assess particle size distribution (Gee and Bauder, 1986) and particle density (ρ b ) (Vomocil, 1965) . Three fractions were thus determined according to the USDA particle size classification system: clay (< 2 µm), silt (2 a 50 µm) and sand (50 a 2000 µm). The sand fraction was divided into fine sand (50 to 250 µm) and coarse sand (250 to 2000 µm).
The samples for SWRC were obtained in three replicates from at least three depths for each profile. The SWRC was obtained at nine matric potentials. A tension table was used for measuring the soil water retention at matric potentials of -1, -3, -5, -8 and -10 kPa and pressure chambers for matric potentials of -33, -100, -500 and -1500 kPa (Klute, 1986) . The water retention data were then fitted to the van Genuchten (1980) equation:
where θr is the residual moisture content (cm 3 cm −3
), θs the saturated moisture content (dimensionless), y the absolute value of the matric potential (kPa), a a parameter corresponding approximately to the inverse of the airentry value (kPa −1 ), and n and m are shape parameters. Total porosity (TP) was obtained from the SWRC. Microporosity was determined by using a tension table at a potential of -5 kPa, according to Topp and Zebchuk (1979) and macroporosity from the difference between total porosity and microporosity. The Water Content Reflectometer (WCR) was used to monitor the soil volumetric water content in situ. The sensors were installed in the main soil horizons of the profiles. The calibration coefficients were derived from a curve fit of known water content and WCR output. The procedure adopted was described by Kim and Benson (2002) . The system was maintained by a 12V battery charged by a solar panel. Data were obtained every 20 min and stored in the data logger. In the field, the records were collected every 20 days, using keyboard commands connected to a storage modulus. The system was in operation for one year.
Rainfall data were collected by an automatic weather station, located between one and two kilometers from the area of study. These data were recorded every 15 min and stored in the data logger.
Saturated hydraulic conductivity was determined in three replicates for each horizon of the five profiles using the Guelph permeameter method (Reynolds et al., 1983) . The single-head Richard's analysis (Elrick et al., 1989 ) was used to calculate hydraulic conductivity.
Results and Discussion
According to the World Reference Base for Soil Resources (FAO, 2014) , the soils of the transect were classified as Arenosol Gleyic Protospodic (P1), Podzol Arenic (P2, P3), Podzol Gleyic Histic (P4) and Podzol Gleyic Ortsteinic (P5) ( Figure 1 and Table 1 ).
The dominant soil class in the plot was the Podzol, in which podzolization is the main pedogenetic process in the formation of these soils. The Podzol profiles present the following sequence of horizons: A, E, followed by a spodic horizon (Bh, Bhm) with different levels of cementation. Spodic horizons were characterized by the illuviation of humic acid, with or without Fe 2+ and Al 3+ oxyhydroxides and aluminosilicates (Gomes et al., 2007) . The Arenosol found in P1 presented a sequence of horizons; A, E, C and differed from the Podzols because of the absence of a spodic horizon, which can be linked to the fact that P1 was located in the younger part of the topochronosequence. The presence of the Protospodic qualifier indicated intermediate characteristics of Podzol. All horizons in the Arenosol profile presented a small granular and single grain structure type (Table 1 ). The color of the A horizon indicated absent or minor amounts of coloring materials such as organic matter (OM) and sesquioxides (10YR, 7/1). Nonetheless, the subsurface horizons presented colors from brown (10YR, 5/3) to dark yellowish brown (10YR, 4/4; 10YR, 3/4), as a result of the presence of organic matter and metallic compounds (Table 1 ).
An abrupt transition was observed in the soil development along the toposequence between profile 1 and profiles 2, 3, 4 and 5. This coincided with the abrupt change in topography observed between these profiles (Figure 1 ). P1 was formed on a lower topographic surface closer to the beach line and developed from recent coastal sediments, whilst P2, P3, P4 and P5 developed in higher positions along the toposequence that are part of the older holocenic sandy marine terraces. These differences in altitude and parent material along the toposequence led to the formation of younger and less developed soils in the lower topographic positions when compared to the more developed soils at the higher positions.
For the Podzols, the dominant structure type in all superficial horizons A was small granular and single grain, while massive and single grain structures characterized the spodic horizons. The E horizons had a single grain structure type (Table 1) . The color of A horizons exhibited hues of 10YR with values of 2 to 7 and chromas of 1 to 2. The A horizons in profiles P2 and P3 showed lighter colors, similar to the color observed in the Arenosol (10YR, 7/1). However, in profiles P4 and P5 the A horizon had a darker brown color, indicating the presence of organic matter (10YR 4/2, 10YR 2/2). The color of the E horizon of P2, P3 P4 and P5 exhibited light colors due to the loss of organic matter by eluviation to subjacent horizons or by microbiological degradation (Buurman and Jongmans, 2005; Buurman et al., 2013) . The spodic horizons exhibited darker colors at the top, which usually became brownish at greater depths (10 YR 4/2, 10 YR 2/1, 10 YR 2/2, 10 YR 3/1, 10 YR 3/2).
All profiles showed a very poor to poor drainage, indicating the constant presence of the water table during the year, which results in a hydromorphic environment. The presence of thick Bh and Bhm horizons with flat and very sharp transitions in relation to the E horizon, as noted in the field morphological descriptions (Table 1) , characterized poorly drained Podzols. It is evident that the hydrology has a major effect on the morphology of Podzols as described by Buurman et al. (2013) .
Most of the samples presented a sandy texture (Table 2 ) with sand contents superior to 90 %, except for the Ah (sandy loam), Bs/Cg (P4) (loamy sand) and Cg (P5) horizons (loamy sand) ( (Table 2 ). The relatively high ρ b is in strong agreement with the high sand content of the horizons ( Table 2 ). The lowest values occurred in Ah (P4) and Cg (P5) horizons, due to the higher clay and OM contents in these horizons.
The ρ p showed high values for all the horizons, ranging from 2.24 to 2.94 Mg m . The narrow range of values also showed that the soil particles of these soils had a similar constitution.
In general, the horizons presented high TP mainly due to the high sand content ( . The Ah (P4) and Cg (P5) horizons showed the highest TP, which can be explained by the low bulk density values, particle size distribution and OM content (Table 2) . Figures 2A, B , C, D and E present the SWRCs of all profiles. All profiles presented horizons with high values of water content in the higher matric potentials, indicating that these horizons have a well-developed macroporosity and, therefore, good water conduction. Moreover, the SWRCs also showed that as the matric potential decreases the soil dries quickly reaching very low moisture values at the lower potentials (< -30 kPa). The dominance of macropores over micropores in these sandy horizons promotes better water conduction than water retention. In horizons, where the clay and OM content are high, there is a balanced distribution of macropores and micropores which favors water retention.
The SWRCs for P1 and P2 were very similar (Figure 2A and B) , indicating that these profiles had a similar pore size distribution. The shape of the curves of each horizon was also very close, especially for P2, due to the relatively homogeneous structure type along the profile (Table 1) . For both sites the presence of a granular structure led to a high macroporosity. The high microporosity in the spodic horizon in P2 was probably attributable to the clay increase observed in this horizon. Table 2 − Percentage of clay, silt, sand, particle density (ρ p ), bulk density (ρ b ), organic matter content (OM), total porosity (TP), macroporosity (Macro) and microporosity (Micro) of the horizons of the five profiles (P1 to P5) of the toposequence at Ilha do Cardoso State Park (Cananéia, SP, Brazil). The P3 SWRCs showed similar behavior to the SWRCs of P1 and P2, except for the deeper horizons Bh and Bs. In these horizons, the moisture content at higher potentials (> -30 kPa) was higher than in other horizons in the profile ( Figure 2C ). This behavior is possibly a result of the increase in the OM and clay content at greater depths. The massive structure in Bh favored higher water retention in comparison to the Bs horizon, which presented a single grain structure type ( Figure 2C ).
The SWRCs for P4 and P5 showed high moisture content at the lower potentials for all horizons ( Figure 2D and E). However, when the potential became more negative, the water content decreased by a different amount for each horizon. Soil texture and structural attributes were directly related to the SWRC behavior. The Ah (P4) and Cg (P5) horizons had the lowest moisture decrease as the matric potential became more negative again probably attributable to the high OM and clay contents. The reduction in clay content and OM in the E and Bs horizons of P4 resulted in lower moisture content when compared to the Ah horizon. Despite the Bs/Cg presenting a similar structure type to Bs, an increase in clay and OM at greater depth resulted in higher moisture content at all matric potentials (P4).
In P5, the amount of clay and OM in Cg favored higher moisture content compared to the other horizons. The horizons A, Bh and Bs orstein had similar values of clay and OM; however, the hard massive structure of the Bs orstein led to an increase in water retention at low potentials. The grain structure type of A horizon favored high water retention at high potentials.
The increase in depth of the clay and OM contents in the Bs/Cg and Cg horizons of P4 and P5, respectively, that affected water retention is not related to the podzolization processes that occur in the shallowest horizons (between the A, E and Bh or Bs horizons), but it provides evidence of the depositing of clayey marine sediments before the holocenic marine transgression (Suguio and Martin, 1976) . These less permeable horizons control the water table level in this zone.
The changes in pore size distribution which affected the behavior of the SWRCs in the E, Bh and Bs horizons could be the result of changes in the stratification of the sand fraction (well-selected fine sand overlying or underlying moderately selected coarse sand) as discussed by Coelho et al. (2012) . Micromorphological evidence presented by these authors show that the stratification of the sand fraction, probably due to marine depositional dynamics, can cause the interruption of vertical water fluxes and, consequently, the illuviation of dissolved organic matter (DOM) and form OM bands or a dark humus rich Bh horizon or a spodic horizon. These OM rich deposits fill in the packing pores between the sand particles modifying pore morphology and size, and alter water conduction/retention patterns. Consequently, these denser bands and/or horizons control the soil water dynamics and the formation of perched water tables.
Despite the low water content of these soils in drier conditions, periods of water stress were not observed ( Figure 3A , B, C, D and E). The variations in soil moisture show a very homogeneous behavior for a period of 15 months for all the horizons monitored, except for the A horizons of profiles P2, P3 and P4 ( Figure 3B , C and D). The lack of data for the A horizon of the P5 was due to a problem in the sensor ( Figure 3E ). The fluctuations in surface horizons coincide with either rainy events or consecutive dry periods. The lack of soil moisture fluctuations in subsurface horizons is due to the presence of the water table at this depth and is a source of permanent saturation in these horizons. This behavior is demonstrated by morphological field observations and analysis of the soil moisture monitoring data. The sub-superficial soil moisture values measured in the field coincide with the saturated moisture content in water retention curves ( Figure 3A , B, C, D and E). This means that for all the profiles the water table level is high throughout the year reaching almost the soil surface. The presence of a tall Restinga forest in the permanent plot of Ilha do Cardoso, as described by Lima et al. (2011) , could be the result of the soils being under permanent saturated conditions. The authors associate several characteristics of forest structure with soil attributes, such as a low richness of species related to the very acid, hydromorphic and periodically flooded soils. This type of Restinga forest represents one of the rarest and most threatened vegetation types of the already deforested Brazilian Atlantic forest (Ribeiro et al., 2009 ).
Due to the high water table at the time of field measurements, in the case of a number of horizons the saturated hydraulic conductivity could not be evaluated. Only for P3 was it possible to perform measurements for all horizons ( Figure 4C ). For the other profiles, only the surface horizons were measured ( Figures 4A, B, D resent porous media with high permeability, 10 −6 porous intermediate permeability and 10 −7 a porous media with low permeability. In the surface horizons, the dominance of a sandy texture with a single grain structure type favored the occurrence of interconnected macropores, resulting in high permeability. For subsurface horizons, permeability ranged from low to high. In P3, the Ks for E horizon (45 cm) were higher than the other horizons, probably due to the low amount of OM and structure represented by single grains ( Figure 4C ). The deeper horizons showed lower K values due to the massive structure and high concentration of OM. In P5 (Figure 4E) , the E horizon (30 cm) exhibited similar behavior to the same horizon in P4 ( Figure 4D ). For the deepest layer, the presence of high bulk density, high OM content and massive structure results in lower Ks.
Conclusions
The soils of the transect studied showed low retention and high water conduction, except for when the sand stratification (size and sorting) and organic matter contents, added to the soil structure, contributed to lower conduction and increased retention. The presence of permanently saturated horizons and the climate of the region contributed to the non-occurrence of water stress which probably influences the type of local vegetation. The high permeability of the surface horizons can be explained by the presence of a sandy texture and simple grain structure. The hydro-physical properties of these soils are affected by the Podzolization process and the presence of clayey marine sediments at greater depths deposited before the depositing of the current sandy sediments.
